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FOREWORD 

This  report  is  an  unclassified  and  more  general  version  of  a 
Technical  Memorandum  entitled  "A  Simplified  Method  of  Comparing  the 
Performance  of  Booster  Powerplants  for  Aerospace  Vehicles"  authored 
by  E.T.  Curran,  M.B.  Bergsten,  and  J.R.  Smith.  This  work  was  performed 
under  Project  3012,  "Ramjet  Technology",  Task  301211,  "Ramjet  Design 
and  Assessment",  Work  Unit  Number  30121103,  during  the  period  January 
1973  to  March  1973. 
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SYMBOLS 


B drag/weight 

C constant  of  flight  path 

D drag  force 

G payload  function  = P * kl  * ^2 

q 

h altitude 

I fuel  specific  impulse 

I effective  fuel  specific  impulse  I = I T-D 

speff  speff  sp  T" 

constant  in  structural  equation  = k^  + K^M^ 

k2  constant  in  structural  equation  M$  = k-jM-j  + k^Mf 

M mass 

take-off  mass  of  vehicle 

mass  of  vehicle  at  end  of  boost  phase:  in  case  of 
multistage  vehicle  this  is  before  separation 

mass  of  vehicle  after  separation  from  first  stage 

Ma  mass  of  vehicle  at  start  of  trajectory  defined  by  pVn  = C 

Mfae  mass  of  boost  engines 

mass  of  fuel  used  in  boost  phase 

Mf  total  mass  of  fuel 

Mf  rate  of  fuel  flow 

Morb  total  mass  of  vehicle  in  orbit 

effective  payload  = M . - M - M.  - 
p J orb  s be  se 

Ms  mass  of  vehicle  structure 

M mass  of  sustainer  engines  used  in  single-stage  to  orbit 

vehicle 

n index  in  trajectory  equation  pVn  = C 
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sw 
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0 


M 

payload  ratio  Jp  for  single-stage  to  orbit  vehicle 
M1 

payload  ratio  for  multistage  to  orbit  vehicle 

Ml 

parameter  of  mass  ratios 

parameter  of  mass  ratios  applied  to  single-stage  to 
orbit  vehicle 


- Vb  (1  + k,) 

M C 


parameter  of  mass  ratios  applied  to  multistage  vehicle 
= 1 + l<2 

plan  area  of  aircraft 
specific  weight  of  engine 
specific  fuel  consumption  of  engine 
time 

volume  of  aircraft 
veloci ty 

initial  velocity 

velocity  at  start  of  trajectory  defined  by  pVn  = C 
weight 

take-off  weight  of  vehicle 
pylon  (or  stub)  thrust 
initial  stub  thrust 


thrust,  _s_  _ 1 _s 
drag  D B W 


Constant  of  density  - height  relationshi 


effective  velocity  increment  = AV 


1 + 
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ng 

W]  (V,  + AV) 


angle  of  flight  path 
air  density 

air  density  at  sea  level 
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SECTION  I 
INTRODUCTION 

When  considering  engines  for  an  aircraft  whose  major  requirement  is 
for  long-range  or  long-duration,  it  is  clear  that  the  overall  propulsive 
efficiency  is  of  paramount  importance.  The  engine  weight  is  usually 
much  lower  than  the  fuel  weight,  and  therefore  the  engine  specific 
weight  and  specific  thrust  (while  by  no  means  unimportant)  can  be 
considered  less  significant  than  specific  fuel  consumption  at  the  cruise 
condi tion. 

In  vehicles  of  shorter  range  (where  the  acceleration  phase  becomes 
more  inportant)  this  position  is  substantially  changed.  In  particular, 
where  a high  acceleration  is  required,  as  for  example  in  interceptor 
missiles,  a high  installed  engine  thrust  greatly  increases  the  importance 
of  low  engine  specific  weight.  The  relative  unimportance  of  low  fuel 
consumption,  i.e.,  of  high  engine  efficiency,  makes  it  possible  to 
consider  trends  in  engine  design  which  may  sacrifice  some  measure  of 
efficiency  while  reducing  engine  weight. 

The  object  of  this  report*  is  to  derive  a simple  yardstick  by  means 
of  which  the  relative  merits  of  different  engine  systems  can  be  compared. 
This  is  attempted  in  the  context  of  a simple  acceleration  mission;  that 
of  a recoverable  first  stage  of  an  ortital  vehicle.  In  this  case,  it  is 
not  apparent  whether  the  class  of  low  s.f.c.  but  high  specific  weight 
engines  such  as  the  turbojet  is  superior  to  the  higher  s.f.c.  but  lower 
weight  engines  typified  by  the  liquid  propellent  rocket.  In  addition, 
the  method  evolved  allows  the  relative  influences  of  such  parameters  as 
the  lift/drag  ratio  and  the  structural  weight  fraction  of  the  vehicle  to 
be  quantitatively  assessed. 


*This  report  is  an  unclassified  and  more  general  version  of  Reference  1 
which  was  an  in-house  report  which  received  limited  distribution. 
Various  similar  analyses  have  now  appeared  in  the  open  literature 
(References  2 and  3). 
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Two  classes  of  vehicle  are  considered:  the  single-stage  to  orbit 

vehicle  and  the  multistage  vehicle.  For  the  single-stage  vehicle,  it  is 
considered  that  the  vehicle  is  boosted  (by  airbreathing  engines)  up  to  a 
given  boost  velocity  at  which  these  engines  are  shut  down:  unspecified 
"susiainer"  engines  are  then  used  to  accelerate  the  vehicle  to  orbital 
conditions.  For  the  multistage  vehicle,  it  will  be  assumed  that  the 
complete  vehicle  is  accelerated  by  these  airbreathing  engines  up  to  the 
first-stage  separation  velocity.  For  both  types  of  vehicle  the  merit  of 
a given  engine  is  assessed  on  the  basis  of  an  effective  payload  fraction 
delivered  i nto  orbi t. 

For  a complete  comparison  of  the  various  classes  of  boost  engine, 
it  is  necessary  to  ensure  that  each  engine  class  is  installed  and 
operated  in  such  a manner  as  to  maximize  the  payload  fraction.  Ideally, 
this  would  involve  optimization  of  the  engine/vehicle  characteristics 
and  the  flight  profile  for  each  class  of  engine.  However,  for  the 
purpose  of  this  analysis  the  flight  path  and  vehicle  aerodynamics  are 
postulated  and  the  only  optimization  attempted  is  with  respect  to  the 
thrust/weight  ratio  of  the  vehicle. 

It  must  be  emphasized  that  this  analysis  is  limited  to  considerations 
of  weight  changes.  No  attempt  is  made  to  examine  the  equally  important 
criterion  of  cost,  though  it  may  be  noted  that  within  any  narrow  class 
of  engines,  it  seems  likely  that  low  cost,  not  only  of  manufacture  but 
also  of  research  and  development,  will  be  associated  with  simplicity; 
this  in  turn  may  be  associated  with  a lower  weight  and  a lower  efficiency 
than  could  be  achieved  with  maximum  resort  to  complexity. 
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SECTION  II 

OPTIMIZATION  OF  THE  EFFECTIVE  PAYLOAD  FRACTION 

1.  Single-Stage-to-Orbit  Vehicle 

For  a si ngle-stage-to-orbi t vehicle  the  effective  payload  is 
defined  as 

Mp  = Morb  ” ~ Mjjg  - MSg 


where 

M b is  the  n,ass  t(ie  vehicle  in  orbit 

M$  is  the  mass  of  the  vehicle  structure 

M^e  is  the  mass  of  the  boost  engines 

M is  the  mass  of  the  sustainer  engines 

Obviously,  this  definition  of  the  effective  payload  includes  many 
items,  such  as  vehicle  systems,  which  are  not  normally  counted  as 
payload.  However,  for  the  purposes  of  this  analysis,  the  effective 
payload  is  considered  to  be  a suitable  index  of  relative  performance. 

The  mass  of  the  vehicle  structure  is  assumed  to  consist  of  two 
components:  one  component  is  proportional  to  the  initial  mass  of  the 

vehicle,  the  other  to  the  total  mass  of  fuel.  Thus, 


Ms  = k,  M,  + k2  Mf 


(?) 


where 

M-|  is  the  initial  mass  of  the  vehicle 
Mf  is  the  total  mass  of  fuel 
k-| , kg  are  constants. 

From  Equations  1 and  2 the  effective  payload  fraction  can  be  written 


or 


Mn  M, 

“ = Qi  tt  ( k,  + k2) 


M,  M, 


Mbe 

M, 


(3) 
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Morb  . . 

■" = sr 11  l‘!’" 


P|  + k,  + k2  M2  | M^e 

Q|  M(  Q|  M| 

or,  in  terms  of  the  specific  weight  of  the  boost  engine,  SW, 

P,  + k,  + k2  M2  sW/Xs,  \ 


L SW/^i  \ 
, " q.  U,  / 


where  X.  , W,  are  the  initial  values  of  "pylon"  thrust  and  vehicle 
s,  i 

M M 

weiylit.  It  will  be  assumed  that  the  mass  ratios  — and  cor- 
responding to  the  sustainer  phase  are  fixed,  so  that  q^  is  constant. 
Then  the  maximum  value  of  occurs  at  the  maximum  value  of  the  R.H.S. 
of  Equation  5. 


2.  Multistage  to  Orbit  Vehicle 

For  the  multistage  vehicle,  it  will  be  assumed  that  the  separation 
velocity  of  the  first  stage  and  mass  ratios  of  subsequent  stages  are 
fixed,  and  that  the  structure  weight  of  the  first  stage  obeys  an 
equation  similar  to  Equation  2.  Maximum  payload  fraction  will  occur 

M3 

when  the  mass  ratio  uftei  the  first-stage  separation,  is  a maximum. 

Mj  M|  - (P  t + Mfce  + ) first  stage 


where  M^  is  the  fuel  used  by  the  first  (boost)  stage 


(Ms)first  stage  = X|  M|  + k2  Mbt 


and  it  should  be  noted  that  the  value  of  k|  used  here  in  not  necessarily 
identical  with  that  appropriate  to  Equation  2. 


If  we  set 


qm  = • + k2 
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(a  form  identical  to  Equation  4 if  there  is  no  sustainer  phase  in  the 
single-stage  case)  we  have 


M,  = qm  M,  " (k*  + k2)  ' IT 


or,  writing  P for 
in 

Pm  + ki  + k2  m2  SW  / xs,  \ 

qm  9m  ' W,  / ^ 

Comparing  this  with  Equation  5 we  see  that  for  either  the  single  or 

multistage  vehicles  the  maximum  effective  payload  fraction  is  obtained 
when 


i e , when 


aj£) 

a(^) 


where 

q = q1  for  single-stage  vehicle 
q = qm  for  multistage  vehicle. 

3.  Flight  Path  Analysis 

An  expression  must  now  be  sought  for  the  derivative  in  Equation  9 
from  the  flight  mechanics  of  the  vehicle. 


For  a vehicle  in  climbing  flight  we  have  the  following  expression 

dV 

M rtT  s x3  - D - M0  sin  e 


5 
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where 


M is  the  vehicle  mass 


Xg  is  the  "pylon"  thrust 


D is  the  drag 
V is  the  velocity 
o is  the  angle  of  cl  imb 


It  will  be  assumed  that  the  vehicle  accelerates  along  a trajectory 
defined  by 

pVn  = C 


(ID 


where 

(j  is  air  density 
n and  C are  constants, 

and  also  that  the  density-height  relationship  for  the  atmosphere  is 
given  by 


P = Ao® 


rflh 


(12) 


where 


h is  altitude 


i is  density  at  sea  level 


fs  is  a constant. 


flow  the  flight  path  angle  may  be  expressed  by 


a 1 dh 

,,n9- VdT 


and  from  Equations  11  and  12 


dh  _ _n_  dV_ 
dt  " V/3  dt 


so  that 


stn 


0 = 


dV 


/3\r  dt 


(13) 
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Then,  from  Equations  10  and  13, 


n n \ dv  _ Xi-D 

\g  0V*/  dt  ‘ Mg 


Introducing  s.f.c.  = 36(X)  g ancj  remembering  that  M decreases  during 


fl  ight  we  have 


/J_  n ^ *1  _ _ 3600  / _ _D_  \ _l_  dM 

\g  flvv  dt  ' s.f.c.  \ Xs  / M dt 


This  equation  can  be  integrated  if  we  assume  that  g,  s.f.c.,  and  the 

ratio  ~ are  constant  during  the  flight.  Taking  V,  as  the  velocity  at 
*s 

the  start  of  acceleration  and  ZV  as  the  velocity  increment  we  have 


av  r 

Q L 


/0V,  (V,  + AV) 


+ AV)  J s * c.  V Xs  / M, 


The  L.H.S.  of  Equation  16  may  be  conveniently  written  as  where  by 

(Z.V)  we  understand  the  effective  velocity  increment,  which  is  greater 
than  the  true  velocity  increment  by  a factor  that  takes  into  account  the 
climbing  flight  of  the  vehicle.  Finally,  we  express 

_D_  B 

XS  ' Xg/W 

where  B = jj-  is  assumed  constant,  implying  also  that  X$/W  is  constant. 
Equation  16  then  becomes: 


(AV)C  _ 3600 


— (,-  -5_) 

f.c.  \ Xg/W/  M: 


We  may  remark  that  the  acceleration  phase  of  the  trajectory  defined 
by  Equation  11  might  start  at  conditions  other  than  those  of  take-off; 
in  this  case  V-j  should  be  replaced  by  Va  and  M-j  by  where  the  suffix 


7 


AFAPL-TR-74-73 


a refers  to  conditions  at  the  start  of  the  climbing  phase.  In  general 
the  mass  ratio  corresponding  to  take-off  and  transition  to  a pVn 
trajectory  is  not  explicitly  considered  in  this  analysis. 

4.  Generalized  Optimum  Solution 

We  may  now  obtain  from  Equation  17  the  derivative  which  occurs  in 
Equation  9;  thus 


£L  'f)  Nj£_k  a. 
iw)  4)  -(£)" M|  " M| 


Substituting  this  result  in  Equation  9 we  see  that  the  optimum  thrust/ 
weight  ratio  of  the  vehicle  (i.e.,  that  giving  the  maximum  payload 
fraction)  is  given  by 


\w  / 

-Kf) 


m2  m2 
m;  ln  mT 


Now  Equations  5 and  8 may  be  written  generally  as 


r . SW/X9\ 

G ' M,  q \W  ) 


where 


P + k,  + k2 


Combining  this  with  Equation  19  we  have 


I M,  M, 
0-1  10  M2  + G M2  S 1 
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where 


Finally,  we  may  express  the  optimum  values  engine  specific 

weight  and  specific  fuel  consumption  in  terms  of  .he  groups  ^'SW  and 

( ‘ V ) t,  s.f.c 
g 3600 

where 


(21) 


and 

tAV>c  S.f.c.  / IN  M, 

g 3600  ‘ \ a / n Mz  (22) 


from  Equations  17,  19,  and  20. 
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SLCT1UN  Mi 
DISCUSSION 

The  optimi zation  process  outlined  in  the  body  of  this  report  may  be 
made  clearer  by  a simple  graphical  illustration.  If  a multistage 
vehicle  is  considered  with  a coefficient  equal  to  zero,  then  the 
parametei  q is  equal  to  unity.  We  see  from  Equation  8 that  maximum 
payload  fraction  occurs  when  - SW / ^s-A takes  its  maximum  value,  i.e., 
when  ^1  \ W-|  / 

/ ^bf  \ 

+ SW  -777-  1 is  o minimum. 

' Mj  wl 


Thus,  in  this  example  the  optimization  reduces  simply  to  minimizing  the 

sum  of  the  engine  plus  fuel  fractions.  This  process  is  illustrated  in 

Figure  1.  As  the  thrust/weiyht  ratio  of  the  vehicle  is  increased,  then, 

M 

fur  currant  engine  specific  weight,  the  engine  mass  fraction  _be 

M1 

.iust  increase  linearly.  Also  for  constant  s.f.c.,  ^2  increases  with 

M1 

vehicle  thrust/weiyht  ratio,  as  may  be  seen  from  Equation  17  when  (A V)c 
is  f’xed  and  B = £ is  assumed  constant:  correspondingly  the  value  of 

Myf  decreases.  From  Figure  1,  it  is  apparent  that  the  optimum  thrust/ 

v 

M M 

weight  latio  corresponds  to  the  minimum  value  of  pf  + nbe  . 


For  this  simple  illustration  we  see  from  Equation  9 that  at  optimum 
conditions  the  slope  of  the  lower  curve  is  equal  to  that  of  the  upper 


Si 

i¥) 


= SW 
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Figure  2 shows  plots  of  the  generalised  solution  resulting  fi  'in 
Equations  20,  21,  and  22.  For  ease  of  presentation  the  term 

104 

has  been  replaced  by  x s.f.c.  and  this  latter  quantity  is  plotted 

against  jy  SW  for  fixed  values  of  G = ^1  + *1  + ^2,  and  for  fixed  a, 

q q 

i.e.,  fixed  thrust/drag  redo  at  optimum  conditions. 


We  can  make  some  general  deductions  from  Figure  2.  For  given 
payload  and  effective  velocity  increment,  an  increase  in  specific  weight 
requires  a decrease  in  s.f.c.;  the  greater  the  payload  the  greater  the 
decrease  in  s.f.c.  that  would  be  required.  For  a given  thrust/drag 
ratio  there  is  a maximum  allowable  engine  specific  weight;  the  value  of 
' g^L  ~3'6~d0~  associdted  with  this  can  be  shown  to  be  (l  - 1)  and  the 

D I 1 

corresponding  value  of  ^ SW  is  — ^ — -yy’  - . 


Now,  for  further  illustration,  consider  a multistage  vehicle  with 
the  following  characteristics: 

B = drag/weight  =0.5 


Then  H$  = + k^  = 0.3  and  qffl  = 1 + k^  = 1 . It  will  be 

? 

assumed  that  the  vehicle  flies  on  a constant  p V trajectory  over  a 

velocity  range  defined  by  V = 760  ft/s,  .TV  = 3000  ft/s.  If  3 = 3.383  x 
-5-1  a 

10  ft  , the  effective  velocity  increment  (Equation  16)  is  5000  ft/s. 
These  data  and  Figure  2 are  used  to  plot  specific  fuel  consumption 
against  specific  weight  for  constant  payload  fraction,  given  by  P = G - 
k^,  in  Figure  3.  We  see  that  a liquid  propellant  rocket  engine  with  a 
specific  fuel  consumption  of  nine  and  a specific  weight  of  0.01  gives  a 
value  of  P a little  in  excess  of  0.3.  An  airbreathing  engine  with  an 
s.f.c.  of  four  will  break  even  with  the  rocket  engine  at  a specific 
weight  of  about  0.12.  The  structural  constants  k^ , k^  are  assumed  the 
same  for  both  rocket  and  airbreathing  systems.  The  initial  acceleration 
related  to  the  values  of  s.f.c.  and  specific  weight  is  shown  in  Figure  2 
by  curves  derived  from  Equation  26  and  the  lines  of  constant  a.  Thus, 
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in  the  over s i mp  1 i t ied  comparison  just  quoted,  the  high  s.f.c.  rocket 
engine  would  require  an  initial  acceleration  of  about  0.8  g while  the 
low  s.f.c.  airbreathing  engine  has  an  initial  acceleration  of  only  0.17 
y;  i.e.,  the  engine  with  lower  specific  weight  will  be  used  with  higher 
installed  thrust/weight  ratios  to  keep  down  the  time  of  flight  and 
hence,  total  fuel  consumption. 

txamples  such  as  this  suggest  the  rather  loose  statement  that  for 
engines  with  high  s.f.c.  and  low  specific  weight,  such  as  rockets,  the 
most  effective  way  of  improving  the  payload  potential  of  the  engine  is 
to  reduce  the  s.f.c.  For  engines  with  low  s.f.c.  and  high  specific 
weiyht,  such  as  turbojets,  the  best  prospects  lie  in  reducing  the  engine 
specific  weight.  A detailed  study  of  the  performance  and  specific 
weight  of  power  plants  intermediate  between  the  rocket  and  turbojet 
extremes  may  yield  an  acceleration  engine  offering  greater  payload 
potential  than  its  progenitors. 


The  data  presented  in  Figure  2 permit  many  quantitative  studies  to 
be  made  of  the  effect  on  the  payload  potential  of  a vehicle,  of  varying 
engine,  vehicle,  and  flight  path  parameters.  Various  refinements  may  be 
added  to  the  analysis.  For  example,  it  is  not  necessary  to  restrict  the 
trajectory  to  one  constant  ,,Vn  arc:  several  arcs  of  this  form  may  be 

used  to  approximate  to  a given  trajectory. 


Another  presentation  of  the  data  given  in  Figure  2 is  informative. 
So  far  the  analysis  has  been  expressed  in  terms  of  conventional  aircraft 
engine  terms,  such  as  specific  fuel  consumption  (s.f.e.)  a1  j s.ecific 
weight  ($W).  In  rocket  engine  practice  the  comparable  terms  t iel 
specific  impulse  (I  ) and  engine  Lhrust-to  weiyht  ratio  (-,)  are  used. 

S J 


Equations  21  and  22  may  be  rearranged  in  terms  of  I 

yield 


sp 


and  x to 


(*.)  -G 

q T a \M,  / 


(23) 
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and 


one  may  write 


'sp  ('  ‘ a)  = *»p  (“Tr)  = 


sPeff 


74: 


where  i is  termed  the  effective  specific  impulse,  flow  Equation  24 
speff 

can  be  expressed  as 


(*V>€ 

g " speff 


In 


M, 


M, 


(25) 


which  is  directly  comparable  to  the  classical  rocket  equation  relating 
mass  ratio  to  velocity  change. 


Ttius,  the  engine  can  be  considered  to  operate  at  an  effective 

specific  impulse  which  is  less  than  the  potentially  available  specific 

X D 

impulse  due  to  the  factor  s-D  , or  1-^  . The  ratio  D/X  cannot  be 

Xs 

reduced  arbitrarily  because  beyond  a certain  poinc  more  thrust  implies 

more  engine  weight  and  ttierefore,  less  payload.  Now  a graph  equivalent 

to  Figure  2 can  be  plotted  using  Equations  23  and  25  as  shown  in  Figure  4 

It  is  apparent  that  only  engines  of  high  thrust-to-weight  ratio  are  able 

to  operate  effectively  at  values  of  1 near  their  basic  impulse.  For 

spetf 

turbo-machine  systems  of  low  thrust-to-weight  ratio,  it  is  apparent  that 
the  high  basic  impulse  of  these  engines  cannot  be  realized  in  the 
acceleration  role.  Another  presentation  of  these  relationships  is  shown 
in  Figure  5.  Again  the  significant  tradeoff  between  engine  thrust-to- 
weight  ratio  and  specific  impulse  is  portrayed. 

The  fuel  density  can  exert  a marked  effect  on  the  vehicle  structural 
weight  and  aerodynamics.  Equation  2 can  be  modified  so  that  these 
effects  can  be  studied.  Thus  the  expression 

- K|  M(  + k2  Mf 
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It 

t 

p 

\ 


{ 


P 


may  be  written 


M* 


k,  M,  + (k2/>f 


where  v denotes  volumes,  thereby  relating  the  structural  mass  to  the 
fuel  density,  the  utilization  of  the  available  volume  for  fuel  stowage, 
and  the  oveiall  volume  of  the  vehicle.  The  aircraft  volume  can  be 
Milked  to  the  aerodynamic  performance  through  the  parameter 
where  E is  the  plan  area  of  the  vehicle. 


v^ 

1.50 


For  example,  this  restricted  analysis  does  not  provide  for  a 
limitation  on  maximum  acceleration  such  as  may  be  dictated  by  payload 
characteristics.  The  value  of  the  vehicle  acceleration  is  easily 
derived  from  Equation  14  as 


J_dV  s *s  - 0 
g dt  Mg  ( I + gn  ) 

/3V2 

8 (a  - i ) 

( 1 + an  ) 

,3V2 


(26) 


The  major  drawback  to  t fie  various  applications  of  this  method 
ouviousiy  lies  in  the  validity  of  the  assumptions  made  concerning 

X 

constant  j>  , D , and  s.f.c.  Usually  the  assumption  of  constant  s.f.c. 

^ ^ X D 

is  justifiable,  but  in  many  cases  the  parameters  s and  g vary  markedly 

W 

along  the  flight  path.  Nevertheless,  suitable  mean  values  usually  can 

be  intelligently  assessed  and  utilized  in  the  analysis  to  give  meaningful 

trends  and  the  gross  effects  of  varying  other  parameters.  It  is  also 

X D 

possible  to  assume  that  the  parameters  s and  n are  simple  functions  of 

W w 

the  flight  velocity  and  still  obtain  relatively  simple  analytical 
solutions.  However,  a considerable  loss  in  generality  results. 
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SECTION  IV 
CONCLUSIONS 

A simple  analytical  technique  has  been  obtained  which  permits  the 
relative  merit  of  various  engine  systems  as  acceleration  power  plants  to 
be  compared.  Subject  to  the  restrictive  assumption  of  constant  thrust/ 
drag  ratio,  the  generalized  presentation  of  data  enables  the  quantitative 
effects  of  varying  engine,  vehicle,  and  trajectory  parameters  on  the 
payload  potential  of  the  vehicle  to  be  evaluated. 
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THRUSywE|QHT  RATIO  VEHICLE  ► 


Figure  1.  Optimization  Process 


t f c specific  fuel  consumption 
(AV)(  effective  velocity  increment 
B drog /weight 
SW  engine  specific  weight 
q moss  ratio  porometer 

G poyload  function  = ft  fafr.fe 
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